Bile acids, which are synthesized from cholesterol in the liver and secreted into the small intestine, play an important role in efficient digestion and absorption of dietary fats and fat-soluble vitamins (1, 2) . Most bile acids are reabsorbed in the distal part of the ileum and cycle back to the liver via the portal venous system. Cholestasis, or impairment of bile flow, leads to malabsorption of fats and vitamins; hepatic accumulation of the toxic bile acids results in progressive liver damage. Hereditary cholestasis represents a heterogeneous group of severe pediatric disorders, which can be caused by deficiencies in primary bile acid synthesis or by deficiencies in the secretion of bile acids (3) .
One of the familial intrahepatic cholestasis syndromes is FIC1 disease, which is caused by mutations in ATP8B1 (4, 5) . Some FIC1 disease patients present with episodic bouts of cholestasis with no permanent liver damage; these patients suffer from BRIC (6 -8) . Alternatively, patients present with nonremitting cholestasis that progresses to severe permanent liver damage, referred to as PFIC1 (9 -11) , which also comprises GFC (12) . In PFIC1, symptoms often occur during the first 6 mo, and children with PFIC1 die in the first decade of life unless liver transplantation or biliary diversion is performed. BRIC and PFIC1 are both associated with jaundice, pruritus, and diarrhea. Furthermore, FIC1 disease is invariably characterized by normal serum GGT activity and (episodic) high concentrations of bile salts in serum.
Based on clinical and biochemical findings in FIC1 disease patients, it was proposed that FIC1, the polytopic membrane protein encoded by ATP8B1, could function as a bile salt transporter (4, 5) . FIC1 is, however, a member of the recently defined P4 P-type ATPase subfamily. This subfamily is well conserved during evolution and is present in all eukaryotes. It consists of at least 14 transporters in mice and humans that are thought to flip aminophospholipids from the outer to the inner plasma membrane leaflet (13, 14) , but this function has been questioned (15). Ujhazy et al. (16) reported that in rat liver Fic1 displays aminophospholipid translocase activity, but how this molecular function relates to the phenotypes of FIC1 disease patients remains unknown. The biochemical and cellular function of FIC1 is therefore currently elusive.
In a previous report we examined FIC1 expression in the liver and showed that FIC1 is present in the canalicular membranes of hepatocytes and in cholangiocytes (17) . FIC1 is even more abundantly expressed in the intestine (4, 16, 17) , consistent with recently obtained evidence from patients with PFIC1 and from a mouse model of PFIC1, which suggests that extrahepatic, notably intestinal, dysfunction is an important denominator of cholestasis in FIC1 disease (18 -22) . Thus, to further comprehend the putative role of the digestive tract in FIC1 disease, we set out to investigate the tissue distribution and cellular localization of Fic1 in stomach, pancreas, and intestine. Furthermore, because PFIC1 develops rapidly after birth, we studied Fic1 protein expression during immediate postnatal development of mice, when the bile acid pool develops to mature levels (23).
METHODS

Mice.
All animals used in this study were healthy C57BL/6 mice that were maintained on a standard 12-h:12-h light:dark cycle and fed ad libitum. Mice were sacrificed at 7, 14, 21, 28, and 90 d after birth. For each time point, 10 -15 mice were used and tissues were pooled. Weaning was approximately at d 21. Tissues were snap frozen in liquid nitrogen and stored at Ϫ80°C for RNA isolation, Western blot experiments, or immunohistochemistry on frozen sections. For immunohistochemistry on paraffin-embedded sections, tissues were fixed for 5 h in methanol: acetone: water (2:2:1), dehydrated through a graded series of ethanol, and embedded into paraffin using standard protocols. The animal committee of the University Medical Center Utrecht approved the animal experiments.
RT-PCR analysis of intestinal fragments. RNA was isolated from murine intestinal fragments using the RNeasy mini kit (QIAGEN, Valencia, CA). RNA from human intestine was obtained from Ambion (Austin, TX). cDNA was generated by RT-PCR using M-MLV (Promega, Madison, WI), and PCR analysis was performed using specific primers for human/ mouse ATP8B1 and human/mouse 18S ribosomal RNA.
Western blot analysis. SDS-PAGE and Western blot analysis were performed essentially as described (17) . Briefly, tissue homogenates were solubilized in sample buffer containing 20 mM DTT and 10 mM EDTA at room temperature for 15 min. After separation by SDS-PAGE, proteins were electrotransferred to nitrocellulose membranes (0.45 m; Protran, Scheicher & Schuell, Dassel, Germany) in a Bio-Rad transblot cell and blocked as described (24) . The immunoblots were probed with anti-FIC1-C32 antiserum (see ref. 17 ) at 1:500 in blocking buffer. All results were reproduced with anti-FIC1-C6 (data not shown). As a control for protein loading, antibodies against SCHAD were used (1:5000), which were prepared in our laboratory (25) . SCHAD is a house-keeping enzyme with an essential role in the mitochondrial beta-oxidation of short chain fatty acids (26) . Immunoreactivity was detected with horseradish peroxidase-conjugated antibodies (1:10.000) and chemiluminescence (ECL, Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK), according to the manufacturer's instructions.
Immunohistochemistry. Paraffin-embedded sections (8 m) were dewaxed, rehydrated, and rinsed in PBS containing 0.1% Triton-X100. After boiling for 10 min in 0.01 M sodium citrate buffer (pH 6.0), sections were blocked in 0.5% blocking reagent [supplied in tyramide signal amplification (TSA) fluorescein system: PerkinElmer Life Science, Boston, MA] in PBS containing 0.1% Triton-X100 and incubated with a 1:10 dilution of anti-FIC1-C6, preimmune serum, anti-FIC1-C6 preincubated with its antigen (10 L of antiserum was incubated with 20 -40 g of purified antigen for 1 h at 4°C) or with anti-lactase (1:100, kindly provided by Dr. J. Dekker, Pediatric Gastroenterology and Nutrition, Erasmus University, Rotterdam, The Netherlands) for 16 h at 4°C. After washing, endogenous peroxidase activity was blocked with 0.03% H 2 O 2 . As secondary antibodies horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:100; DAKO, Glostrup, Denmark) was used. HRP-based signal amplification was applied using the TSA fluorescein system procedure according to the manufacturer's descriptions. For indirect immunofluorescence, the protocol was stopped here and sections were examined by confocal microscopy. For light microscopy studies, the signal amplification procedure was followed by incubation with HRPconjugated rabbit anti-FITC IgG (1:100 DAKO) and staining for HRP-activity using 3,3'-diaminobenzidine (DAB) with nickel enhancement using standard protocols. Sections were counterstained with nuclear fast red (Sigma Chemical Co., St. Louis, MO), dehydrated and embedded into Euparal (CHROMA-Gesellschaft, Münster, Germany). For indirect immunofluorescence double-labeling experiments, cryostat sections (6 m) were incubated with anti-FIC1 antiserum and anti-cytokeratin 7 IgG (DAKO) as described (17) . Immunofluorescent labeling was visualized by confocal laser scan microscopy using a Nikon Eclipse E600 microscope.
RESULTS
FIC1 expression levels in different murine and human tissues of the gastrointestinal tract.
To study ATP8B1 mRNA levels in the human gastrointestinal system, RT-PCR analysis was performed on RNA samples of different intestinal regions. As shown in Figure 1a , ATP8B1 mRNA is expressed in the human and mouse gastrointestinal system from the proximal to the distal end. To study the expression level of Fic1 protein in the mouse, tissues of healthy adult C57BL/6 mice were homogenized, and equal amounts of protein were separated by 982 VAN MIL ET AL. SDS-PAGE followed by immunoblotting with anti-FIC1 and anti-SCHAD antisera. The latter was used as a loading control. Previously, we have shown that our anti-human FIC1 antisera specifically detect FIC1 as a 140-kD protein and cross-react with murine Fic1 (17) . As shown in Figure 1b , Fic1 was readily detected in liver, but the expression was much higher in pancreas and colon (Fig. 1b) . Fic1 protein expression in duodenum, jejunum, the proximal and distal part of the ileum, and colon was approximately equal (Fig. 1c) , indicating that Fic1 protein expression in the mouse resembles ATP8B1 mRNA expression in humans.
Cellular and subcellular localization of Fic1 in the intestine, pancreas, and stomach. Immunohistochemistry experiments were performed to elucidate the cellular and subcellular localization of Fic1 in different murine tissues. As can be seen in Figure 2 , a-e (left panels), Fic1 immunoreactivity was detected as a blue-purple precipitate at the apical membranes of the epithelial cells lining the intestinal lumen from the proximal to the distal end of the intestine. Intestinal goblet cells did not stain with the anti-FIC1 antiserum. Crypt cells stained inconsistently, but this was also observed after preincubation with the relevant antigen, therefore, we interpreted this as aspecific staining (results not shown). Preincubation of the antiserum with the antigen to which the antiserum was raised resulted in complete absence of immunoreactivity in all enterocytes (Fig. 2, a-e, right panels) . A more intense staining overlapping with Fic1 immunoreactivity was seen with antilactase, a marker antibody for apical enterocyte expression in the ileum (Fig. 2f) . Incubation of an ileal section with mouse preimmune serum showed no staining (Fig. 2g) .
In the pancreas, Fic1 expression was detected in the exocrine tissue at the apical membranes of the acinar cells (Fig. 3a) , whereas the endocrine islets of Langerhans were devoid of Fic1 staining. Fic1 was detected also at the apical membranes of epithelial cells lining the gastric pits (Fig. 3b) . A complete absence of immunoreactivity was observed with preimmune serum (Fig. 3, a and b) and when the anti-FIC1 antiserum was preincubated with the relevant antigen (results not shown). In immunohistochemistry experiments performed with lung, kidney, and heart sections Fic1 expression was below our detection limit (results not shown).
Ontogenesis of FIC1 expression in intestine, liver, pancreas, and stomach. In healthy rodents, the onset of active absorption of bile acids in the ileum occurs during the third postnatal week (27, 28) . To investigate whether Fic1 levels change during postnatal development, tissues were collected from mice that were 7, 14, 21, 28, and 90 d old and analyzed by immunoblots with the anti-FIC1 and anti-SCHAD antisera. Below we show typical experiments obtained from independent homogenates. In duodenum and colon, limited but detectable Fic1 expression was noted at d 7 and 14, which increased at d 21. In the small intestine, hardly any Fic1 expression was detected at d 7 and 14, but Fic1 levels increased markedly during postnatal maturation (Fig. 4) . Sections from jejunum and ileum of the different ages incubated with anti-FIC1 antiserum, also revealed absence of Fic1 immunoreactivity at d 7 and 14, whereas Fic1 was localized at the brush border in intestines of 21-, 28-, and 90-d-old mice (results not shown). In contrast, in liver, pancreas, and stomach, Fic1 is already abundantly expressed at d 7 and 14 and is comparable during the postnatal development of the mice both on Western blot and immunohistochemistry ( Fig. 5 and data not shown) .
Ontogenesis of Fic1 expression in cholangiocytes. Previously, we reported that Fic1 was expressed at the apical membranes of hepatocytes and cholangiocytes (17) . The Western blot experiments shown in Figure 5 do not discriminate between Fic1 expression in these cells. To investigate the ontogenesis of Fic1 expression in the liver, fluorescent doublelabeling experiments were performed on frozen liver sections of 14-d-old and adult mice. Cholangiocytes were identified by the specific marker anti-cytokeratin7. As shown in Figure 6 , Fic1 is detected at the apical membranes of hepatocytes as well as in cholangiocytes already after 14 d of postnatal development.
DISCUSSION
Previously, we have studied the subcellular localization of Fic1 in the liver (17) . The present report focuses on the localization of Fic1 in the intestine, pancreas, and stomach, and its expression in these organs during ontogenesis. We now find Figure 1 . FIC1 expression in different human and mouse tissues. (A) cDNA was generated from RNA from different human and mouse intestinal fragments. PCR was performed using specific primers for human and mouse ribosomal RNA (18S) and ATP8B1. (B, C) A total protein extract (15 g) of normal mouse liver, pancreas, and colon (B) or different parts of the mouse intestine (C) was separated by 6% and 12% SDS-PAGE. After Western blotting, the membranes were incubated with anti-FIC1 or anti-SCHAD antisera (control for loading differences), respectively, followed by goat anti-rabbit peroxidase conjugated antibodies and immunoreactive proteins were visualized by chemiluminescence. Molecular size markers are indicated in kilodaltons (kDa).
FIC1 EXPRESSION DURING ONTOGENESIS
that Fic1 is expressed at the apical membranes of different epithelial cells in the entire digestive system. These data are consistent with the conclusion by Ujhazy et al. (16) that Fic1 is enriched in isolated brush border membrane vesicles of the rat intestine, but are in contrast to their finding that Fic1 expression is markedly lower in rat duodenum than in jejunum and ileum. Furthermore, our results indicate that Fic1 expression is specifically regulated in the intestine, but not in the liver, pancreas, and stomach, during early postnatal development of mice. Together with our previous work (17) , these data provide a solid framework for our understanding of the function of FIC1 in relation to the development of hereditary cholestasis during childhood.
FIC1 expression in different epithelia, including in cells that are not involved in the enterohepatic circulation of bile acids, suggests that this protein is important in general cell biologic processes at the apical membrane. A pleiotropic function of FIC1 has also been proposed based on the homology of FIC1 to P4 P-type ATPases present in unicellular and multicellular eukaryotes. These P4 P-type ATPases are thought to function in aminophospholipid transport from the outer to the inner plasma membrane leaflet (13, 14, 16) and in subcellular vesicle transport (29 -31) . A substantial overlap in the expression of the 14 proteins of the P4 P-type ATPase subfamily in man and mice was described (32) . Partial redundancy in the function of these P4 P-type ATPases might explain why children suffering from FIC1 disease do not present with pathology in all tissues in which FIC1 is expressed. Further investigations are needed to elucidate the putative role of FIC1 in vesicle transport.
Nevertheless, it is obvious that the pleiotropic function of FIC1, inferred from our expression data and from the function of homologous proteins, is important in maintaining normal bile acid transport, because FIC1 disease patients suffer from cholestasis. Until recently, it was thought that FIC1 disease resulted from a primary deficiency in bile salt secretion from the liver (4,5), but there is increasing evidence that other tissues play a role in this disease. The cholestasis completely resolved in two PFIC1 patients after biliary diversion (21) and in several patients treated by liver transplantation (18) , but the children displayed severe diarrhea, failure to achieve catch-up growth, and appearance of steatosis in the new liver (20) . Interestingly, many FIC1 disease patients also develop pancreatitis (33) (34) (35) (36) (37) . Further evidence for the involvement of extrahepatic tissues in the etiology of FIC1 disease was obtained by analysis of mice with a homozygous missense mutation in Atp8b1; this mutation resulted in an amino acid residue replacement from glycine to valine (G308V), a mutation also found in PFIC1 patients from Amish decent (4). In these mice 
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no cholestasis was observed, but they developed a sustained accumulation of serum bile salts upon feeding a bile salt supplemented diet, whereas canalicular bile salt secretion was normal (22) . The wild-type mice effectively maintained a low bile salt pool during bile salt overload, which indicated that the increased bile salt pool in Atp8b1 G308V/G308V mice was due to impaired regulation of resorption in the intestine or biliary epithelium. Taken together, the expression of Fic1 in different tissues described here can explain both the cholestasis as well as the extrahepatic pathology associated with FIC1 disease. This is in contrast to PFIC2 patients, who have a defect in the bile acid transporter BSEP, which is only expressed in the canalicular membranes of hepatocytes. As far as currently known, infants suffering from PFIC2 display the same low GGT cholestasis but no extrahepatic complications, neither before nor after liver transplantation (20) .
During the postnatal development of mammals, the enterohepatic circulation of bile acids develops (27, 28, 38) . This includes both bile acid synthesis in the liver as well as bile acid reabsorption in the intestine (39) . In rodents, the maturation process of two cellular components of bile acid reabsorption in the intestine has been described in detail. Asbt, the apical bile salt importer at the enterocyte apical membrane (40) , and the ileal bile acid binding protein, Ibabp, which appears to function as the cytosolic receptor for bile acids that have undergone sodium-dependent active transport by Asbt (28) , are both expressed in the terminal part of the ileum, but only starting from the third week of postnatal life, when nursing stops. Both are transcriptionally regulated in part by nuclear hormone receptors, ASBT by the peroxisome proliferator-activated receptor ␣ (PPAR␣) (41) and Ibabp by the bile acid-dependent farnesoid X receptor (Fxr) (42) . Fxr protein levels are also low in the rat ileum during the suckling period but increase during the third postnatal week (43) . Here we show that Fic1 expression is specifically induced in the small intestine at 3 wk of 
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FIC1 EXPRESSION DURING ONTOGENESIS postnatal life. In contrast, Fic1 is expressed in other tissues before weaning and is not further induced during postnatal development. This tissue-specific developmental regulation of protein expression in the intestine is also described for Asbt. In the rat kidney, Asbt mRNA levels are also not changing upon weaning (44) . Taken together with previous data, the up-regulation of intestinal Fic1 expression in healthy mice fed a cholate-supplemented diet (22, 45) , and the induction of intestinal Fic1 expression by i.v. injection of taurocholate in rats (16), we propose that the developing bile salt pool in the maturing intestine accounts for the increase in Fic1 protein expression in this tissue. Interestingly, an increase in liver bile acid concentration imposed by bile duct ligation in rats did not result in changes in hepatic Fic1 expression (17) and FIC1 expression was also unchanged in patients with inflammation-induced icteric cholestasis (46) . Furthermore, Fic1 protein expression in cholangiocytes is not induced concomitant with the maturation of the entero-hepatic circulation (Fig. 6 ). It would therefore be very interesting to investigate whether Fic1 gene expression is regulated specifically in the gut but not in the liver by bile acid sensors similar to the expression of ASBT and IBABP. However, Atp8b1 mRNA levels in the ileum of Fxr knockout mice are not distinguishable from wild-type mice, indicating that possible transcriptional regulation of Fic1 expression is not mediated by FXR (47) . FIC1 itself has recently been implicated in regulating FXR expression, because ileal biopsies of PFIC1 patients showed decreased Fxr mRNA levels (48) .
To infer the implications of this work for patients with FIC1 disease, it is imperative to carefully translate these findings to the human situation. The extrahepatic expression of ATP8B1 mRNA is comparable to Fic1 protein expression in mice ( Fig.  1 and ref (4) ). Furthermore, similarly as in rodents, bile salt metabolism in humans quickly develops in the first months after birth (23, 49) and most PFIC1 patients have their first episode of cholestasis in this same period (10, 50) . Assuming that in humans FIC1 expression parallels the maturation of bile acid metabolism as we describe here in mice, FIC1 is expressed in the human intestine just at or before the onset of FIC1 disease. We speculate that during immediate postnatal development passive absorption is replaced by active absorption of bile acids in the intestine and that FIC1 has an important role in this process, but the exact mechanisms await further studies. In human FIC1 disease, bile acid secretion is reduced, whereas it is normal in Atp8b1 G308V/G308V mice (22) , which might explain the occurrence of cholestasis in humans but not in Atp8b1 G308V/G308V mice. This may reflect differences in how bile flow is regulated between these two species.
